ABSTRACT: To improve the utilization efficiency of interleaver bandwidth in 10Gbit/s plus 40Gbit/s mixed system, an all-fiber MZI different bandwidth optical interleaver based on linear chirped fiber grating is proposed and discussed in this paper. The same two linear chirped fiber gratings are written at the output of conventional Mach-Zehnder interferometer (MZI), which constitute a reflective cascaded MZI filter. Based on its structure, the output spectrum expression is established and described by using the principle of fiber transmission, reflex theory of fiber grating and the matrix transfer function. Influences on its transmission characteristics by such factors as the coupling coefficients of the couplers, structure parameters of fiber grating and the length differences of the interferometer arms are numerically analyzed and optimized. The results of numerical simulation indicate that when the above parameters are some certain values, 50GHz input single of device is separated into channel spacing of 100GHz odd-even two output signals. Their spectrum bandwidth are 64.67GHz and 36.98GHz at 3dB, they satisfy the requirement of different transmission rates on bandwidth in 10Gbit/s plus 40Gbit/s mixed system and implements different bandwidth transmission. The device has a certain ability to resist the deviation. Compared with the ordinary cascaded MZI interleaver, the advantage of the new interleaver is that reduced numbers of coupler. It has higher bandwidth utilization that compared with the equal bandwidth interleaver, and achieves different bandwidth transmission within 100GHz.
INTRODUCTION
With the rapid development of information technology and network, the demand for communication capacity is increasing, and dense wavelength division multiplexing (DWDM) has become the key technology of fiber optical communication network expansion. The optical interleaver [1] [2] as a DWDM system multiplexer/de-multiplexer came into being, it can divided a channel-dense multiplexed optical signal into two channels, the odd-even channel spacing becomes twice as much as the original, thereby increasing the number of multiplexed channels. Since the optical interleaver was firstly reported in the Optical Fiber Communication Conference in 2000 year, the equal bandwidth interleaver put forward a variety of technical solutions and was widely used [3] [4] [5] [6] [7] [8] . This interleaver with equal 3dB passband in odd and in even channels adapts to the optical signal transmission with one sort of speed.
In recent years, 10Gbit/s plus 40Gbit/s mixed system has become the development trend of DWDM technology. In the communication system, there is a similar relationship between the transmission rate v and the optimal bandwidth △f:△f≥1.5v, that is, the optimal bandwidth corresponding to 10Gbit/s and 40Gbit/s are greater than or equal to 15GHz and 60GHz, so the different bandwidth interlaever become the main research object. The interleaver with unequal 3dB passband in odd and even channels adapts to the optical signal transmission with two sorts of speed. The main reported different bandwidth interleavers include birefringence fiber Sagnac loop mirror [9] , Michelson-Gires-Tournois interferometer (MGTI) [10] , birefringence MGTI [11] and all-fiber cascade Mach-Zehnder interferometer (MZI) [12] [13] , etc.. In this paper, a novel all-fiber MZI interleaver is proposed, which consists of two 2×2 fiber couplers and two linear chirped fiber grating (LCFG)s. It adapts the principle of fiber transmission, reflection theory of fiber grating, and the matrix transfer function to obtain the expression for output spectrum by calculation, and then analyze the characteristics of the device. The numerical simulation results indicate that: if the coupling coefficient of the couplers and the structure parameters of the LCFGs are designed reasonably, the all-fiber MZI interleaver can achieve different bandwidth transmission.One3dB bandwidth of the output spectrum is 64.67GHz, and the other one is 36.98GHz, which has higher bandwidth utilization, compared with the equal bandwidth interleaver. The isolation of both channels is greater than 25dB, which meets the business needs. In addition, the device parameters are analyzed, which shows that the device is not sensitive to structure parameters, and has a certain ability to resist the deviation. Compared with the interleaver in [9] [10] [11] , the novel interleaver has lower insert loss, simpler structure and lower cost. Compared with that in [12] [13] , the advantage of the novel interleaver is the reduction of number of couplers (the interleaver in [12] uses four cascaded fiber couplers, and that in [13] uses thirty-three cascaded fiber couplers. The more the 2×2 fiber couplers are, the more complicated and difficult the fabricating process is.), which will reduce the difficulty and deviation of the coupler splitting ratio in the actual making. The result can provide a reference for the future device fabrication and the solution of key technologies.
DEVICE STRUCTURE AND THEORETICAL ANALYSIS

Reflectivity of linear chirped fiber grating
Fiber grating is an optical fiber device that periodically changes the refractive index of the optical fiber core by a certain method. In this paper, the different bandwidth interleaver is based on the linear chirped fiber grating (LCFGs), which refers to the period of the refractive index of the optical fiber core linearly changes along the axial. The basic method to analyze the characteristics of fiber grating is coupled-mode theory, and the coupling effect of the forward and backward light fields in the grating can be described as follow [14] :
In Equation (1):
, A(z) and B(z)are the forward and backward transmission light fields, respectively. κ is the mutual coupling coefficient, κ * is a complex conjugate of κ, κ=πvδ n /λ, v is the fringe visibility of the change of grating refractive index, and δ n is the amount of change of the grating refractive index, which is a constant.σ is the self-coupling coefficient, ˆ0.5 / d dz σ δ σ ϕ = + − , δ is a parameter independent of the grating's z axis direction,
, n eff is the effective refractive index of the fiber core, λ D is the resonant wavelength of the grating, λ D =2n eff Λ, Λ is the period of the grating, σ=2πδ n /λ, / d dz φ is the coupling term introduced by the period change of the grating,
, and C is the rate of change of the resonant wavelength of the grating to the position, whose unit is nm/cm. For the linear chirped fiber grating, there isn't analytical solution in the coupled-mode Equation (1) . In this paper, the transfer matrix method [14] is used to solve the problem, and the principle is that the length of the linear chirped fiber grating L is divided into M segments, as shown in Figure 1 . Assuming that each segment is a uniform grating, A i (B i ) and A i+1 (B i+1 ) represent the forward and backward transmission light fields through the i-segment grating, and we can obtain transmission matrix expression [14] : 
Where * 11 22
In Equation (3), κ,σˆ,
are the local values of the i -segment uniform grating.
According to the boundary condition, the reflection coefficient and reflectivity of the i th grating can be obtained. The transmission matrix of M segments of the whole grating is multiplied to obtain the expres-sion of the linear chirped fiber grating.
From the Equation (4) and the boundary conditions, the reflectivity R of the whole linear chirped fiber grating can be obtained, which is:
Structure model of different bandwidth interleaver
The structure of a novel all-fiber MZI different bandwidth interleaver based on linear chirped fiber grating is shown in Figure 2 , which consists of two 2×2 fiber couplers (DC1, DC2) and two linear chirped fiber gratings (LCFG1, LCFG2). Thereinto, the fiber couplers DC1 and DC2 are connected by optical fiberl 1 and l 2 , the same two linear chirped fiber gratings LCFG1 and LCFG2 are written at the output of the coupler DC2. LCFG1 and DC2, LCFG2 and DC2 are connected by the optical fiber l 3 and l 4 respectively, and a circulator is accessed to the C port DC1 in order to achieve input and output of input and output lights in different ports. Figure 2 shows that the input light E in is input through port C of DC1, it enters DC1 via the circulator, and the light output from DC1 is transmitted along l 1 and l 2 to the coupler DC2 for the first interference. The light output from DC2 is transmitted along l 3 and l 4 to the LCFG1 and LCFG2. The optical signal outside the LCFGs reflection spectrum is directly output instead of being reflected, while that satisfying the reflection wavelength of the LCFGs is reflected. The reflected light is transmitted along l 3 and l 4 to DC2 and then output after the second interference. The output light is transmitted again along l 1 and l 2 to DC1 and output from port A and B of DC1after the third interference. Set S 1 and S 2 as the transmission matrix of fiber couplers DC1 and DC2 (k 1 and k 2 represent their coupling coefficients), M 1 and M 2 as the phase delay matrix of the fiber interference arms, and R 1 and R 2 as the reflectivity of the LCFG1 and LCFG2. Neglecting the transmission loss of optical signal, we can obtain the output light fields E A and E B expressions as shown in Equation (9) .
By the light intensity formula P=EE * , P A and P B are normalized output light intensity as shown in Equation (10) 
cos (2 ) cos (2 ) cos (2 2 ) cos (2 2 ) cos cos 2 cos 2
cos (2 ) cos (2 ) cos (2 2 ) cos( β= 2πn eff /λ (β is the propagation constant in the fiber).
It can be found from Equation (10) that the filter output spectrum is the reflection spectrum of the chirped grating after being modulated through cosine function and the modulation function is related to the arm length difference of optical fiber interferometer. The coupling coefficients of fiber couplers and reflectivity of LCFGs determine the waveform of the output spectrum, the transmission phase delay of interference arms decides the period of the output spectrum. In addition, the analysis of Equation (10) shows that when the DC1 and DC2 are 3dB fiber couplers, and the length differences of the two pairs of interference arms are equal, that is ݈ ଶ − ݈ ଵ = ݈ ସ − ݈ ଷ = ∆݈ , let ߠ ଵ = ߠ ଶ = ߠ = ߚ∆݈ (transmission phase delay of interference arm), and Equation (10) can be simplified into Equation (11). 
It can be seen from Equation (11) that, P A and P B are functions on a period of π, the output spectrum is a series of interference peaks in the reflection spectrum of the LCFGs. When the structure parameters of the LCFGs and the arm length difference of interferometer are selected appropriately, the periodic spectrum can be constructed, which make the port A and B of the device obtain two sets of complementary output spectrum with different bandwidths.
NUMERICAL SIMULATION
The numerical simulation analysis applied the optimization algorithm to obtain the simulation result which is shown in Figure 3 (P A is the solid line; P B is dotted line), its computation parameters are ∆l= l 2
-8 , and each of them are divided into 50 segments. Figure 3 shows that the novel interleaver output spectrum of the port A and B are the two groups of periodic spectral lines, and their frequency interval is 100 GHz. Their spectrum bandwidth are 64.67GHz and 36.98GHz at 3dB, which satisfy the requirement of different transmission rates on bandwidth in 10Gbit/s plus 40Gbit/s mixed system and implements different bandwidth transmission. , C1=C2=6×10 -8 . Equation (10) shows that when the length differences of interference arms are constant, the output spectrum mainly depends on the coupling coefficient of fiber couplers and the reflectivity of the LCFGs. The following parts analyze the influence on the output spectrum when the structure parameters of the device indicate a deviation from the ideal value.
Influence of coupling coefficient on the interleaver response
In the numerical simulation, the structure parameters of the LCFGs and the coupling coefficient of DC2 are kept fixed, set ∆k 1 = k 1 × 3% as the deviation of coupling coefficient of DC1. The numerical simulation results show that the coupling coefficient of DC1 changes from k 1 -∆k 1 to k 1 +∆k 1 , and with the deviation θ from the optimum value, the broadband 3dB bandwidth will range from 62.82~66.54GHz, and the narrowband one will range from 36.97~37.00GHz. Figure 4(a) is the output spectrum of interleaver when k 1 = k 1 + ∆k 1 , the broadband 3dB bandwidth increases slightly while the narrowband 3dB bandwidth is unchanged basically, and the side-lobe level and channel isolation of narrowband change slightly, compared with the best value.
Similarly, set ∆k 2 = k 2 × 3% as the deviation of coupling coefficient of DC2, and other structure parameters are kept fixed. The numerical simulation results show that the coupling coefficient of DC2 changes from k 2 -∆k 2 to k 2 + ∆k 2 , and with the deviation from the optimum value, the broadband 3dB bandwidth will range from 63.61~65.63GHz, while the narrowband one will range from 36.04~38.00GHz. Figure 4 (b) is output spectrum of interleaver when k 2 = k 2 -∆k 2 , the broadband 3dB bandwidth increases slightly, while the narrowband 3dB bandwidth decreases slightly. The output spectrum changes slightly, which means the side-lobe level and the stopband bandwidth of the narrowband increase slightly. The simulation results show that when slight deviation of the coupling coefficients of DC1 and DC2 exists, the 3dB bandwidth of broadband and narrowband of output spectrum will show deviation, but the change is not obvious, and they still satisfy the requirement of different transmission rates in 10Gbit/s plus 40Gbit/s mixed system. The channel isolation decreases slightly but its value is above 25dB, which can satisfy the actual needs.
Influence of fiber grating structure parameters on the interleaver response
Equation (11) shows that when the length differences of interference arms are constant, and DC1 and DC2 are 3dB fiber couplers, the output spectrum mainly depends on the structure parameters of the LCFGs. In the process of experiment, the environment and production process will influence the ideal value of the structure parameters and there are deviations. Set ∆L=L i ×10% (i=1, 2) as the deviation of the LCFGs length, and other structure parameters are kept fixed. The numerical simulation results show that the deviation in the range of ∆L, if the lengths of LCFG1 and LCFG2 increase simultaneously, the broadband 3dB bandwidth will range from 64.62~64.67GHz, while the narrowband 3dB bandwidth will range from 36.96~36.98GHz. If the lengths of LCFG1 and LCFG2 decrease simultaneously, the broadband 3dB bandwidth will range from 64.63~64.67GHz, while the narrowband 3dB bandwidth of 36.98GHz will remain unchanged. If the length of LCFG1increases and that of LCFG2 decrease, the broadband 3dB bandwidth will range from 64.63~64.67GHz, while the narrowband 3dB bandwidth will range from 36.97~36.99GHz. Figure 5 is output spectrum of interleaver when
∆L, the 3dB bandwidth of broadband and narrowband change slightly, and the output spectrum will remain unchanged basically. Because of the structure symmetry, when the length of LCFG1 decreases and the length of LCFG2 increases, the simulated results are consistent with Figure 5 . In the same method, the coupling coefficients of DC1 and DC2, the length differences of interference arms, and the length and chirp coefficients of the LCFGs are kept fixed, set ∆δ n = δ ni ×10% (i=1,2) as the deviation of the amount of change of the gratings refractive index. The numerical simulation results show that, within the deviation range, the deviation between the broadband 3dB bandwidth and the ideal value is within 0.09GHz, while that between the narrowband 3dB bandwidth and the ideal value is within 0.05GHz, and the waveform of the output spectrum remains unchanged basically. Similarly, set ∆C = C i × 10% (i=1,2) as the deviation of the chirp coefficient, and other parameters are kept fixed. The numerical simulation results show that, within the deviation range, the deviation between the broadband 3dB bandwidth and the ideal value is within 0.08GHz, while that between the narrowband 3dB bandwidth and the ideal value is within 0.06GHz, and the waveform of the output spectrum remains unchanged basically. Due to limited space, the output spectrum will not repeat.
The above analysis shows that when the coupling coefficients of the couplers DC1 and DC2 are some certain values, the reflectivity of the LCFGs applied to the wide spectrum and high reflectivity function are almost 100% in the entire bandwidth, so the device with two couplers achieves multi-level cascades, and its output performance is optimized. When the LCFGs parameters change in the deviation range, the waveform of the output spectrum remains unchanged basically, and the broadband and narrowband 3dB bandwidth, and channel isolation change slightly.
In the process of fabricating the all-fiber interference interleaver, the continuous melt-pulling method should be used to avoid the influence of the discontinuity of wave guide on the insertion loss and polarization of optical fiber. In the process of melt control, the compute test system will monitor the scanning exposure process, the change of coupler splitting ratio, and the length of interference arm. The standard single-mode fiber used in experiments, the method of fabricating the linear chirped fiber gratings and the melt-pulling fiber coupler, and the control method of interference arms can refer to [15] [16] [17] [18] . The novel all-fiber different bandwidth interleaver proposed in this paper firstly adapted the phase mask to write two LCFGs on two optical fibers, and then melt and pull the3dB fiber coupler DC2 by the conventional non-twisted back-to-back method at the beginning of the gratings. Then the two fibers l 1 and l 2 from the withdrawal end of DC2 were placed in a flat and continue to melt and pull the 3dB fiber coupler DC1. Finally, the upper port of the withdrawal end of DC1 is connected to a circulator as shown in Figure 2 to achieve the input and out of input and output light in different ports.
Test the output performance of the experimental sample, the light source is from TSL2210 wavelength tunable laser of Santec, and the wavelength range is 1520~1580nm. The linearly polarized light whose power is 1mW is input through port C of DC1, and the output power is measured at ports A and B of DC1. The test result of the output spectrum of experimental samples is shown in Figure 6 . Although the experimental environment and process conditions may influence the output spectrum of experimental samples, the overall result is consistent with theoretical analysis basically. Figure 6 . The output spectrum of all-fiber different bandwidth interleaver from experimental sample.
CONCLUSION
The all-fiber different bandwidth interleaver based on linear chirped fiber grating is proposed in this paper, the influence of its structure parameters on the output spectrum is systematically analyzed and discussed, which indicates that when these parameters are some certain values, the device can achieve different bandwidth transmission and improve the utilization efficiency of interleaver bandwidth in 10Gbit/s + 40Gbit/s mixed system. Compared with the traditional cascaded MZI interleaver, the novel device reduces the numbers of couplers, which will decrease the deviation of the couplers splitting ratio in the actual fabricating process. The device has a certain ability to resist the deviation, that is, the interleaver can still retain favorable output performance even if the coupling coefficients of the couplers and structure parameter of LCFGs have a little deviation error in actual fabricating process, which is an important advantage. The study may provide new ideas for the practical application.
